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ELECTRONIC NON-CONTACTING LINEAR POSITION MEASURING 

SYSTEM 

10 The United States Government has rights in this invention pursuant to 

Contract No. W-7405-ENG-48 between the United States Department of Energy 
and the University of California for the operation of Lawrence Livermore 
National Laboratory. 

15 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to accurately determining the position of 
an object along a linear trajectory witiiout making physical contact with the 
object, and more specifically, it relates to systems for determining the position of 

20 a magnetic levitation car relative to the track above which it moves. 



There are numerous situations when it is required to use non- 
contacting means to measure the location along a linear track of a moving object 
An example of such a situation is the problem of accurately locating the position 
and velocity of a magneticaUy levitated train car moving above a Unear track. 
Accurate information on the location of the car in such cases would, for example, 
be needed in order to synchronize the drive currents of a Linear Synchronous 
Motor (LSM) drive with respect to the position of the train. In such drive 
systems the propulsion is obtained by exciting currents in multi-phased 
windings that are embedded in Hie track. These currents interact with the 
magnetic fields arising from an array of permanent magnets on the moving train 
car. In order to use the LSM drive system to accelerate the car, to keep it in 
motion at a constant speed, and then to decelerate it, the phase, amplitude and 
frequency of the currents in the LSM windings must be accurately controlled at 
all times. This requirement must be met by actively controlling the inverter that 
supplies the currents to the track. However to achieve this end it is necessary 
that the train car should be able to communicate its position, witiiin an accuracy 
of a few millimeters, to the control circuits of tiie inverters. It is also required 
that the location method used should be insensitive to variations in the levitation 
height of the train car as might be caused, for example, by changes in the 
passenger loading. 



SUMMARY OF THE INVENTION 
It is an object of the present invention to provide a method and 
apparatus for determining the position of an object 

It is another object to provide a method and apparatus for determining 
the position of a magnetic levitation car rdative to its track. 

These and other objects will be apparent based on the disclosure 

herein. 

The invention uses a helically twisted transmission line to generate 
positional information, and detecb the positional information with an 
orthogonally nested pair of coils. The configuration is that of a "parallel-line" 
electrical transmission line that has been helically twisted with a pitch 
wavelength that is large compared to the spacing between the two conductors. 
To create the signals that are to be detected on the moving object the 
transmission line is excited by an RF frequency. When the RF current flows in 
the transmission line there will exist in its near vicinity a time-varying magnetic 
field. This magnetic field will carry the necessary positional information. 

Two small-area pickup coils will be located on the moving object One 
coil has its axis pointing toward the symmetry axis of the transmission line to 
itercept the radial component of the magnetic field. The other coU has its axis 
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oriented at 90 degrees to the first one, so that it intercepts the azimuthal 
component of the magnetic field. 

A magnetic field varying at the RF ft^equency and having both 
azimuthal and radial components will be generated at the position of the pickup 
5 coils. The relative values of these two components at a particular instant of time 
are both sinusoidal in form and are equal in ampUtude. However tiie fields will 
be shifted in spatial phase from each other by 90 degrees. 

In one embodiment, the signals detected by the pickup coils are full- 
wave rectified before being processed by the elecbt)nics. An alternative, which 
10 might be advantageous in some sihiations, would be to process tiie pickup loop 
voltages before rectification, in order to preserve faithfully all of the phase and 
amplitude information carried by these voltages. 

Now, upon using electronic ciix:uitry to take the ratio of these two 
signals, there will be produced periodic "spikes" with a spacing corresponding 
15 exactiy to a half-wavelength of the heUcal line. These pulses represent fiducial 
marks that can be used to determine tiie position of tiie coils relative to the tiack. 

In another embodiment^ the position at any point between the fiducial 
marks is directiy measured. The electironic system evaluates tiie phase angle as 
defined by ti\e Arc Tangent of the ratio of the two fields to produce a series of 
20 biangular waves between tiie fiducial marks as tiie loops move witii respect to 
the b-ack. The amplitude of these triangular waves at any phase position 



between their minimum and maximum value is linearly related to location 
between the marks, thus can be used to determine an accurate value of that 
location. 

In yet another embodiment, advantage is taken of the "reciprocal" 
nature of the transmission of radio frequency signals between a source and a 
receiver to induce RF voltages in the helical transmission Une. 

nPTPP DRgrRTPTTON OF THE DRAWINGS 
Figure 1 is a schematic drawing of a heUcal parallel-wire transmission 

line. 

Figure 2 shows two smaU-area pickup coils, nested together on the 
moving object 

Figure 3 shows variation (with spatial phase) of the radial component 

of the magnetic field. 

Figure 4 shows variation (with spatial phase) of tiie azimuthal 

component of tiie magnetic field. 

Figure 5 shows tiie variation (witii spatial phase) of tiie full-wave- 
rectified radial component of the magnetic field. 

Figure 6 shows tiie variation (witti spatial phase) of tiie full-wave- 
rectified azimutiial component of tiie magnetic field. 



Figure 7 is a plot of the ratio of a fuU-wave-rectified azimuthal signal 
to the radial signal vs flie spatial phase. 

Figure 8 is a plot of the ArcTan of the ratio of the full-wave rectified 
radial signal to the azimutfial signal vs the spatial phase. 

Figure 9 is a plot (vs spatial phase) of the calculated full-wave-rectified 
signal as received by the pickup loop intercepting the radial field component 

Figure 10 is a plot (vs spatial phase) of calculated full-wave-rectified 
signal as received by the pickup loop intercepting the azimuthal field 
component 

DETAILED DESCRIPnON OF THE INV ENTION 
The system described herein provides a method for solving the 
problems discussed above. It is based on the detection of magnetic fields 
generated by a special configuration of conductors that, in effect encodes the 
necessary positional information. A heUcally twisted line is shown schematically 
in Figure 1. The configuration is that of a "parallel-line" electiical b-ansmission 
line ti>at has been helically twisted with a pitch wavelength that is large 
compared to the spacing between the two conductors 10 and 12. The pitch 
wavelengtii of the heUcal line, a constant along tiie line, is tiie characteristic "unit 
of distance." Fractional parts of this distance will be "reported", for example by a 
radio link, to determine tiie instantaneous position of tiie moving object To 



create the signals that are to be detected on the moving object, the transmission 
line is excited by an RF current at a low to intermediate RF frequency, for 
example 100 kHz. When these currents flow in the transmission Une there will 
exist in its near vicinity (for example 5 cm away in a typical maglev-rdated 
situation) a time-varying magnetic field. As will be shown, this magnetic field 
will cany the necessary positional information. As represented in a cylindrical 
coordinate system with the mid-line of the helical twisted line as its axis, the 
magnetic field, oscillating at the RF frequency of its excitation, will have both 
radial and azimuthal components. 

As shown schematically in Figure 2, on the moving object (not shown) 
there will be located two small-area pickup coils 20 and 22, nested together, each 
having the same area and tiie same number of turns of wire as the other one. 
One coil (20) has its axis pointing toward the symmetry axis of the transmission 
line (comprised of wir^ 10 and 12) and thus intercepts the radial component of 
ihe magnetic field. The other coil (22) has its axis oriented at 90 degrees to the 
first one, so that it intercepts the azimuthal component of the magnetic field firom 
the helical transmission line. 

Witii the configuration as described above, the following will occur. A 
magnetic field varying at the RF frequency and having troth azimuthal and radial 
components will be generated at the position of the pickup coils. Figures 3 and 4 
are plots of tiie calculated relative value of these two components at a particular 



instant of time when the current is flowing in the positive direction in the right- 
hand conductor and in ihe negative direction in the left-hand conductor. As can 
be seen, the two components are both sinusoidal in form and are equal in 
ampUtude. However the fields will be shifted in spatial phase from each other by 
90 degrees. 

In the description below, it will be assumed that tiie signals detected 
by the pickup coils are full-wave rectified before being processed by the 
electronics. An alternative, which might be advantageous in some situations, 
would be to process the pickup loop voltages before rectification, in order to 
preserve faithfully all of the phase and ampUhide information carried by these 
voltages. This alternative approach will not be discussed here, in the interests of 
simplifying the discussion. 

Consider now the voltages induced in the two pickup loops by the RF 
magnetic fields as these loops move parallel to ihe direction of the axis of tiie 
b-ansmission Una When these induced voltages are full-wave rectified tiie 
resulting signals will take the forms shown in Figures 5 and 6. Now, upon using 
electronic circuitry to take the ratio of tiiese two signals, a signal of the type 
shown in Figure 7 will result, i.e., there will be produced periodic "spikes" witii a 
spacing corresponding exactiy to a half-wavdengtii of the helical line. These 
pulses represent fiducial marks tiiat can be used to determine the position of flie 
coUs relative to the track. Note tiiat tiie location of these fiducial marks is 



independent of the amplitude of the signal, i.e., of the height of the detector coils 
above the transmission line (except that at too great a distance the signal 
intensity may be too low). To calculate the position of the object to which the 
nested coils are attached, a relative known starting position of the object is 
determined. For example, tiie object's starting position can be known, and as the 
object moves along the track, the method tabulates the sum of each "unit of 
distance" which is the total distance of the object from the starting point The 
sum of each "unit of distance" can be made from many ottier points, as will be 
appreciated by those skilled in the art, e.g., from a gap in the transmission line, 
from a sudden change in tiie polarity of the transmission line or from a signal 
placed at points along the traclg to name a few. 

While the above technique may be adequate for many situations, there 
are those situations where it is important to be able to directly measure the 
position at any point between the fiducial marks. This objective can also be 
accomplished by electronic processing of the detected and rectified signals. As 
shown in Figure 8, if the electronic system evaluates the phase angle as defined 
by the Arc Tangent of the ratio of the two fields there will result a series of 
triangular waves between tiie fiducial marks as tiie loops move with respect to 
the track. The amphtude of these triangular waves at any phase position 
between their minimum and maximum value is linearly related to location 
between the marks, thus can be used to determine an accurate value of that 
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location. The answer will be independent of the distance of the pickup coils 
above the helical line, as long as the signal is detectable. 

Figures 9 and 10 represent examples of the full-wave-rectified signals 
that would be received by orthogonal pickup loops, as calculated from the 
theory. For this example, the helical line was made up of two 2 mm diameter 
conductors, spaced apart by 10 mm. The line impedance was 635 ohms. It was 
assumed that the end of the transmission line was terminated in its characteristic 
impedance. The input end of the line was driven at a frequency of 100 kHz with 
a peak RF current of 1 ampere, requiring therefore 350 Watts of drive power. 
The orthogonal pickup loops were located at a distance of 50 mm from the 
centerline of the helical transmission Une, had an area of 5 cm\ and had 100 turns 
on each coil. As can be seen, the received signals are about 25 miUivolts in 
amplitude, a signal level that would be entirely adequate for the purpose at 
hand. However, because of the strong cancellation of the fields that will occur at 
distances large compared to a piteh wavelength, the radiated RF power from the 
system at distances in excess of a meter or so should be extremely small. 

The above two location techniques, because they depend only on the 
ratio of the induced voltages in the two pickup coils, permit the use of the same 
system for a non-interfering commimication link between the track system and 
tiie moving vehicle. This communication can be effected by ampUtude or 
frequency modulation of the exciting RF currents in the helical transmission line. 



-11- 

This modulation wiU produce a signal on each pickup loop that could be 
detected on the moving vehicle by conventional means, without interference 
with the location-measuring function. 

In yet another embodiment, advantage is taken of the "reciprocal" 
nature of the transmission of radio frequency signals between a source and a 
receiver. That is, the role of the helical transmission line and the orthogonal 
pickup loops is reversed, as follows: The two pickup loops are excited with 
radio-frequency currents that differ sUghtiy from each other in frequency. These 
RF currents will then induce RF voltages in the helical fransmission line the 
relative ampUtude of which will be a function of the position of the pickup loops 
along the transmission line. Since the signals received will be at two different 
frequencies, it will be possible to electronically extract the necessary positional 
information, for example by using frequency-selective circuits followed by 
detection and amplitude<omparison circuits. 

For those situations where it is important to make the position 
determination as independent as possible of both vertical and lateral 
displacements of the orthogonal pickup loops relative to the transmission line, 
two pairs of pickup loops could be employed, hi this case the loop pairs would 
be displaced laterally, one to the left, and one to the right, of a vertical hne 
passing through the geometric center of the helical line. If now tiie signals from 
the corresponding members of the loop pairs are combined electronically so as to 
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average tiieir output the resultant positional determination wiU now be 
relatively insensitive to both vertical and horizontal displacements of the pickup 
loop assembly relative to the helical transmission line. 

The present invention can thus be used to precisely determine the 
5 position of a movable or moving ol^t on a track or relative to a point 

Examples of moving or movable objects include various types of magnetic 
levitation cars. Some examples of magnetic levitation systems are discussed in 
the following patent applications, which are incorporated herein by reference: 
U.S. Patent Application Serial No. 09/896,583, titled: "Improved Inductrack 
10 Magnet Configuration," and U.S. Patent AppUcation Serial No. 09/896,579, 
titled: "Improved Inductrack Configuration." 

The foregoing description of the invention has been presented for 
purposes of illustration and description and is not intended to be exhaustive or 
to limit the invention to the precise form disclosed. Many modifications and 
variations are possible in light of the above teaching. For example, the 
transmission line may comprise more than two wires. In should be understood 
by those skilled in the art that the present invention can be implemented with a 
transmission line that produces a periodic field that is extracted to obtain 
periodic information. Each of the two coils of the nested coils may not have the 
same area and/or same number of turns because the difference could be 
compensated for electronically. More than two coils can be used in the nested 
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coils, especially in cases where the transmission line utilizes more than two 
conductors, such that each coil is oriented to collect a signal from one of the 
conductors. The embodiments disclosed were meant only to explain the 
principles of the invention and its practical application to thereby enable others 
skilled in the art to b^t use the invention in various embodiments and with 
various modifications suited to tiie particular use contemplated. The scope of the 
invention is to be defined by the following claims. 



